A laboratory system composed of an electrodynamic levitation cell within an environmental control chamber has been designed and built. The system is ideal for studies of individual particles, such as pure water droplets, aqueous solution droplets, solid salt particles, and ice crystals, under mid-and upper-tropospheric conditions.
Introduction
Cloud physics research has depended on laboratory studies for decades, and many techniques have been devised. Experimental studies of cloud particles (haze droplets, cloud droplets, ice crystals, etc.) may be categorized into those that involve large populations of particles, as with cloud chambers (e.g., Hagen et al. 1989; DeMott and Rogers 1990) or reaction tunnels (e.g., Song and Lamb 1994) , and those that isolate individual particles, such as in the system described here. Single-particle studies avoid population effects, com-plications arising from interactions with neighboring particles, such as competition for the available vapor.
Past studies of single particles have used a variety of experimental configurations. Among them are free-fall techniques (e.g., Kuhns and Mason 1968; Takahashi and Fukuta 1988) , acoustic levitation (e.g., Seaver et al. 1989; Lupi and Hansman 1991) , and electrodynamic levitation (e.g., Owe Berg et al. 1970; Sageev et al. 1986; Tang and Munkelwitz 1991; Lamb et al. 1996; Carleton et al. 1997; Imre et al. 1997; Swanson et al. 1999) . Electrodynamic levitation is a versatile technique that can be used to suspend particles of various sizes in chambers of widely varying geometrical configurations. Unique aspects of our electrodynamic levitation system include its ability to provide three-axis positioning of particles, a wide range of environmental operating conditions, rapid changes in conditions, and coupling with a vertically oriented flow chamber, allowing for continuous ventilation of particles and for studies of particle fall velocities.
Design specifications for this apparatus were based S H A W E T A L .
FIG. 1. Schematic view of the environmental control chamber, including the flow conditioners, flow control system, and electrodynamic levitation cell. ''MFC'' refers to a mass flow controller. The figure is meant to be schematic, but a rough scale is the chamber diameter of ϳ15 cm.
on the need to encompass environments similar to those of the upper troposphere. Thus, the instrument can reproduce temperatures (T), pressures ( p), vertical velocities (w), and ice saturation ratios (S i ) in the ranges Ϫ70 Յ T Յ Ϫ20ЊC, 200 Յ p Յ 1000 hPa, 0 Յ w Յ 0.2 m s Ϫ1 , and 0 Յ S i Յ 1, and suspend particles in the approximate diameter range of 10 to 100 m. The main components of the system are (i) a cubic electrodynamic levitation cell for suspending individual charged particles; (ii) a variety of injectors for introducing either liquid or solid particles into the cell; (iii) a vacuum system for isolating the environmental control chamber from the laboratory environment; (iv) a flow system for controlling trace gas concentrations (water vapor and/ or reactive vapors) and vertical velocity; (v) a temperature control system; (vi) a closed-loop pressure control system, including a low-pressure droplet injector; (vi) an optical system for viewing the particle and collecting light scattered from the particle; and (vii) a computerized data-acquisition system.
The advantages of this system are its ability to suspend an individual aqueous particle, independent of the influence of neighboring particles or chamber walls, for long periods of time (hours) in a carefully controlled and stable environment. The environmental control is particularly important because the atmospheric environment simulated in this system is extremely harsh (cold, dry, rarified) and remote (ϳ10 4 m above the earth's surface). This part of the atmosphere, the upper troposphere, is not readily accessible for field studies, nor is it easily reproduced with standard laboratory equipment. A further advantage is gained by measuring the light scattered by a particle to monitor its size and phase continuously. In this way, the entire history of the response of a particle to its controlled environment is known. Examples of physical phenomena that may be studied using this apparatus are the freezing of water or aqueous solutions, the influence of surface kinetics on cloud droplet growth and evaporation, the role of nucleation in determining ice crystal habits at low temperatures, and the influence of chemical species on cloud droplet and ice crystal properties.
The purpose of this paper is to detail the techniques used in this new experimental system. Specific subsystems and their components are described in section 2, data illustrating the utility and capabilities of the system are discussed in section 3, and conclusions follow in section 4.
Instrument description a. Flow and pressure control systems
The flow control system is a vital part of this apparatus, as it is responsible for controlling the local environment of the particle, including temperature, pressure, and the concentration of water vapor and other trace gases. A schematic diagram of the environmental control chamber and the entire flow control system is shown in Fig. 1 . The basic goal is to maintain the temperature, saturation ratio, and trace gas concentration in the vicinity of the particle constant even when the rate of flow around the particle is varied. This is accomplished by conditioning an excess of flow prior to its entrance into the main environmental control chamber, and then exhausting any of the flow not needed in the immediate vicinity of the particle. By changing the fraction of the total flow to be exhausted, the flow past the particle may be varied without changing its thermodynamic state.
The gas source is clean, dry air (Balston Filter Products) or pure nitrogen boiled off from a large Dewar storage container. As shown in Fig. 1 , the gas is first split into two parallel flows through the temperature and humidity conditioners using mass flow controllers (Tylan FC-280S). Each conditioner is cooled by a separate VOLUME 17
low-temperature cooling bath so that its temperature may be independently controlled. Figure 1 also shows that each conditioner has two parallel flow paths, one dry and one humid. When the two parallel flows in a single conditioner are recombined, the resulting flow has a saturation ratio determined by the fraction of the flow passing through the humid path. Water vapor is added by passing the flow through a cartridge (inside the conditioner) packed with small (ϳ200-m diameter) ice beads. This humidification technique is effective even for flow rates up to 15 L min Ϫ1 because the flow is exposed to an enormous surface area (several square meters) of ice. The beads are produced by allowing a stream of droplets from an ultrasonic nebulizer to fall into a Dewar of liquid nitrogen (Clapsaddle and Lamb 1989) .
The mixing ratio of any trace gas (including water vapor) is established in the mixing region (shown in Fig. 1 ) of the environmental chamber. It is here that the two flows, after being independently conditioned, are blended diffusively. By mixing two flows of differing water vapor saturation ratios, for instance, a single flow of known saturation ratio may be created. Alternatively, the multiple tubes, acting as a grid injector, can be used to introduce known concentrations of reactive trace gases uniformly for chemical studies (Lamb et al. 1996) .
The principle of the mixing technique used here is based on the idea that diffusion of water vapor or other trace gases is appreciably faster on small spatial scales than on larger scales. Specifically, one of the flows (flow 1 in Fig. 1 ) is sent through a manifold where it is diverted into 45 small tubes, roughly 10 Ϫ2 m apart. The flow then exits as 45 small jets into the larger mixing chamber, which already contains a background flow from the other conditioner (flow 2 in Fig. 1) . A timescale for diffusive mixing, d , may be estimated using the relationship d ϳ l 2 /D , where l is the length scale under consideration, and D is the diffusion coefficient of the trace gas in air. For a length scale of l ϳ 10 Ϫ2 m (the spacing of the small tubes), diffusion is expected to act on time scales of d ϳ 5 s, which is somewhat smaller that the total residence time of gas in the environmental control chamber before it comes into contact with the particle. The time for diffusive contact with the walls of the chamber (which could lead to loss/reaction of the trace gas), however, is much larger ( d ϳ 500 s) because the spatial scale of the chamber (l ϳ 10 Ϫ1 m) is an order of magnitude larger than the tube spacing. The flow near the walls and therefore in diffusive contact with surfaces is exhausted from the system before the gases have any reasonable chance of contacting the test particle. Thus, the properties of the gas that contacts the particle are preserved, so even the concentration of reactive trace gases prone to wall loss should be unaffected. Similar arguments hold for heat transfer in the gas as for diffusion, with the analogous timescale being l ϳ l 2 /D t , where D t is the thermal diffusivity. The order-of-magnitude estimates for heat and mass transfer discussed here were confirmed through more detailed modeling of flow through the system using commercially available computational fluid dynamics software (FIDAP). Heat transfer and the transport of water vapor and other trace gases in the mixing chamber, however, may be governed also by turbulent diffusion if the flow rate through the injection tubes is too large. Flow simulations confirm that effects of turbulence can be minimized by ensuring that the flow through the tubes of the grid injector is nearly isokinetic with respect to the background flow. A limiting factor in using this mixing technique for generating supersaturated flows is heat transfer within the mixing manifold: The temperatures of flows 1 and 2 (see Fig. 1 ) must be maintained until the moment of mixing in the chamber, whereas in practice there is always some level of thermal ''short circuit.'' Future efforts are focused on adding a vapor source to the main mixing chamber to improve the performance of this aspect of the system.
The pressure in the environmental control chamber is also controlled by the flow system. When the system is run in closed mode (see Fig. 1 ), the total input through the conditioners must be balanced by the sum of the cell and chamber flows. If this balance is violated temporarily, then the pressure in the system will be forced to rise or fall, depending on whether the flow out of the chamber lags or exceeds the constant flow into the chamber. The outflow from the system (total exhaust flow) is pumped with a high-displacement mechanical pump (Leybold SV40), which maintains a downstream pressure of approximately 10 2 Pa (ϳ1 torr). An electronic feedback control serves to maintain the pressure in the system at a prechosen set point. Essentially, the circuit receives a measurement of the absolute pressure in the chamber (MKS capacitance manometer) and compares it to the user-defined pressure set point. The circuit also receives a measurement of the total flow into the system and then sends control voltages to the ''cell'' and ''chamber'' mass flow controllers appropriate to maintain the pressure set point. Because the time for changing the pressure in the chamber is large compared with the circuit response time, the feedback circuit operates effectively with proportional control alone. With the present design, the total flow through the system cannot exceed about 30 L min Ϫ1 or the feedback circuit becomes unstable, suggesting that if higher total throughput were needed, the circuit would have to be modified to include integral control. An additional advantage to dividing the exit flow into ''cell'' and ''chamber'' flows (see Fig. 1 ) is that the flow ratio determines the flow past the suspended particle while the total flow through the system remains constant. By maintaining a continuous flow through the electrodynamic trap there is constant replenishment of water vapor or other trace gases and, therefore, the influence of walls in the trap are greatly minimized (Lamb et al. 1996) . The upper limit to vertical flow velocity, 0.2 m s Ϫ1 , is due to the
Perspective view of the levitation cell and some optical components. For a scale reference, the cell is about 4 cm high.
onset of turbulence in the entrance of the electrodynamic trap, which inhibits the ability to suspend particles.
b. Electrodynamic levitation
Particles are held inside the environmental control chamber in an electrodynamic levitation cell of cubic geometry (Allison and Kendall 1996) . A photograph of the levitation cell as used in our system is shown in Fig.  2 , along with some of the optical components needed to view the particle. Extensive reviews of electrodynamic levitation exist in the literature (e.g., Hartung and Avedisian 1992; Davis 1997) , so only a brief summary of the theory and techniques of operation is presented here. The technique is based on the containment of charged particles in a time-varying electric field of a given frequency and amplitude. The electrodynamic levitation problem is described by the Mathieu equation, which predicts that for a particle of a given charge-tomass ratio, only certain combinations of frequency and voltage applied to the cell electrodes will result in a trapped particle (Wuerker et al. 1959 ). Allison and Kendall (1996) describe the stability regime for a cubic levitation cell similar to that used in our system.
The cubic geometry has several advantages over other levitation configurations. Most significant are the improvements in optical access to the particle: the geometry provides full, three-axis control over the position of the particle, allowing careful positioning for optical measurements. All faces of the cell are flat, thereby allowing the side, nonporous faces to be of high optical quality. In our levitation cell the top and bottom electrodes are made of fine stainless steel mesh and allow vertical flows through the cell. Two of the side electrodes, designed for making optical measurements, are glass with a transparent, conductive film of gold, and the other two are stainless steel mesh attached to a transparent surface.
An attractive aspect of the system used here is the opportunity to maintain significant airflow past particles with negligible fall speed and simultaneously to perform drag measurements. This ability is illustrated by the vertical equation of motion for a spherical particle in this system,
where m is the particle mass, a is the particle radius, is the dynamic viscosity of the surrounding air, z is the velocity of the airflow past the particle, q is the charge on the particle, and E dc,z and E ac,z are the constant and time-varying electric fields in the vertical direction, respectively. For very large particles or low flow velocities, the DC voltage acts to suspend the particle against gravity, while for small particles or large-flow velocities the DC voltage is used to keep the particle from being blown out of the chamber. The present design allows for the levitation of particles with diameters ranging roughly from 10 to 100 m, and maximum airflow velocities of 0.2 m s Ϫ1 . The vertical-flow configuration of the system allows for several useful capabilities: 1) particle fall velocities can be measured; 2) the influence of ventilation on mass and heat transfer to cloud particles can be studied over a wide range of velocities and compared to mass and heat transfer under static conditions; and 3) for spherical particles of known density, particle radius can be obtained by setting the z voltage to zero and balancing gravity and drag, thereby reducing Eq.
(1) to a ϭ (9 z /2g) 1/2 . We note that a general approach to obtaining particle mass that does not depend on prior knowledge of particle shape or density, is to momentarily vary the electrical parameters of the cell until the ''spring point'' is reached (Sageev et al. 1986; Allison and Kendall 1996) .
An issue that must be considered with regard to electrodynamic levitation is the influence of charges and electric fields on a particle. Maximum electric fields are below 500 V cm Ϫ1 , the limit for modification of growth rates by electric fields (Pruppacher and Klett 1997, p. 829) . In addition, an advantage of the vertical-flow configuration of this levitation system is that the trapping voltages, and therefore their influence on the particle, can be greatly reduced by adjusting the flow velocity to match the fall velocity of the suspended particle. Trapped particles typically carry net charges of order 10 Ϫ14 C, or 10 5 electron charge units. For typical droplet sizes suspended in this system, this charge is roughly two orders of magnitude below the Rayleigh limit (Pruppacher and Klett, p. 806). While it is important to keep possible limitations in mind, it appears that there is no observable charge-influence on the processes of evaporation (Tang and Munkelwitz 1991) , homogeneous freezing nucleation (Krämer et al. 1996; Shaw and Lamb 1999a) , uptake of trace gases, or deliquescence (Lamb et al. 1996) . We will show both evaporation and ho-VOLUME 17 mogeneous freezing nucleation measurements made in our system that are consistent with other measurements made with different techniques, confirming that electrodynamic levitation is a valuable tool for many atmospheric problems.
c. Particle injectors
Both solid and liquid particles can be injected into the electrodynamic levitation cell. The solid-particle injector contains a hollow cylindrical cup with a small orifice in the bottom and a metal plunger in contact with the particles in the form of a powder. Several charged particles are ejected through the hole each time a high voltage is applied to the plunger. The liquid-droplet injector consists of a drawn glass tip with a small orifice (ϳ20 m) attached to a Swagelok fitting. The fitting contains an aluminum rod that acts as a piston when struck with a weight, thereby forcing several small, liquid droplets to be ejected from the tip. The droplets are charged at the time of ejection by having the glass tip inside a stainless steel tube to which is applied a high voltage (ϳ1500 V). A new version of the droplet injector was designed for low-pressure applications, needed for studying the mass and heat transfer to water droplets in the transition regime (Shaw and Lamb 1999b) . The low-pressure injector is a liquid-droplet injector that is sealed with Teflon ferrules into a concentric, ϳ2 cm fitting that is part of the closed-loop pressure control system (described in section 2a). Care must be taken to avoid air bubbles in the liquid reservoir, as they expand and force liquid through the glass tip as the pressure is lowered.
d. Optical system
The optical system allows the levitated particle to be monitored for several purposes. A focused view provides the operator a convenient means of positioning the particle and adjusting the frequency and amplitude in the levitation cell to maintain stable levitation. The system also provides a wide-angle view of near-forward light scattering for obtaining information on the size and phase of the particle.
The geometrical relationship of the optical components to the cell electrodes was chosen to meet several requirements. A trapped particle is illuminated by a small laser diode (ϳ2 cm long) mounted outside the cell, but inside the environmental control chamber (see Figs. 1 and 2) . The light enters the cell diagonally through a small hole along one of the vertical edges, thereby allowing for the observation of light scattered at scattering angles centered about 45Њ and 135Њ. This arrangement minimizes the scattering of laser light by windows in the levitation cell and in the walls of the vacuum chamber, as well as reducing the difficulty of laser alignment. In addition, the laser is oriented so that the light is perpendicularly polarized (relative to the scattering plane), which gives the greatest contrast for the near-forward scattering pattern. The light scattered near 45Њ is collected and collimated by a short focal length achromat pair, also mounted inside the environmental control chamber (see Figs. 1 and 2) . The achromat pair was chosen so as to minimize spherical aberration. By mounting the lens adjacent to the levitation cell, a large angle of scattered light is collected (45Њ Ϯ 20Њ). The wide-angle view increases the accuracy and precision of the measurement of droplet radius by increasing the number of visible fringes. The scattered light and the focused particle image are captured simultaneously by two low-light CCD cameras (Toshiba IK-539A) and combined into a single video signal using a picture-in-picture device (American Dynamics 1471A). Images from representative particles are shown in Fig. 3 . The focused images of the particles are inset in the lower left corners, whereas the scattering patterns occupy the full background images. The video signal is recorded with a time-lapse video cassette recorder (Sony SVT-5000).
S H A W E T A L .
Data on the size and phase of trapped particles are obtained from the light-scattering measurements. For example, the radius of a liquid droplet is obtained by comparing measured scattered light with Mie scattering theory (Bohren and Huffman 1983, chap. 4) . Scattering of light from a sphere of a given index of refraction is a function only of the size parameter x ϭ 2r/, where r is the droplet radius and is the wavelength of the incident light. In our system the wavelength is 663 nm, so water droplets ranging from 10 to 100 m in diameter have size parameters much larger than unity. In this regime the number of fringes per unit angle near 45Њ from the forward-scattering direction is roughly proportional to the radius of the droplet. Alternatively, the rate at which fringes pass a given angle (say 45Њ, the center of the image) is directly related to the evaporation or growth rate of a liquid droplet. Hence a continuous record of droplet size and evaporation or growth rate can be collected over the entire course of an experiment. The scattering technique results in droplet size resolution of approximately 0.5 m.
Finally, because the system is designed to have a wide field of view for the light scattering measurements, particle phase changes can be detected quite easily. When a water droplet freezes, for example, the regular fringe pattern is suddenly distorted, as shown in Fig. 3b . Such distortion arises once the particle is no longer perfectly spherical or the interior is a nonuniform mixture of phases with distinct optical properties. Nevertheless, it is common to observe some regularity to the fringes superimposed on a disordered pattern long after a particle has become solid. This is especially true for evaporating ice, which tends to remain at least roughly spherical. We also note that the transition from regular fringes to a disordered pattern occurs within the time between two video fields, or 1/60 s. When solid particles are suspended in the trap we have observed no preferred orientation but, as noted before, the ice particles we have dealt with have been nearly spherical so no preferred orientation would be expected.
e. Vacuum and temperature control systems
To simulate the low-temperature conditions of the upper troposphere or lower stratosphere, it is necessary to minimize heat transfer into the experimental system from the warm laboratory. The environmental control system described here is therefore housed within a custom-designed stainless steel vacuum chamber. Knifeedge flanges with copper gaskets are used where seals are necessary, as most other methods (e.g., those using elastomer o-rings) tend to leak at low temperatures. The vacuum chamber is pumped down to a pressure below 10 Ϫ1 Pa (ϳ10 Ϫ3 torr) using an oil diffusion pump (Varian HS-2) backed by a mechanical pump (Welch DirecTorr 8915). The pressure must be reduced to below 10 Ϫ1 Pa so that heat conduction through the gas is reduced to a magnitude that is easily handled by the cooling system (Moore et al. 1989, p. 76) . Heat transfer by radiation, which can be the dominant mechanism given the typical temperature gradients and low pressures in this system, is greatly reduced by wrapping all interior components with several layers of aluminized mylar. Heat transfer is further reduced by using ceramic or actively cooled standoffs in the mounting of components inside the vacuum chamber. These precautions ensure that the total heat load on the system is of order 10 W m Ϫ2 , permitting commercial cooling baths (e.g., Neslab ULT-95) to be sufficient for maintaining the inner chamber at the desired low temperatures.
A second reason requiring that the pressure be reduced below 10 Ϫ1 Pa is to avoid electrical discharges or arcing in the high voltage feedthroughs or lines for the electrodynamic levitation system. As pressure decreases, the breakdown potential of air decreases linearly until the mean free path of the gas molecules becomes of the same order as the characteristic spacing between electrodes, after which the breakdown potential increases sharply (Swift 1981) . Even occasional arcing keeps the electrodynamic levitation system from functioning properly, so it is crucial to reach pressures low enough to avoid electrical discharge.
The pressure inside the vacuum jacket is continuously monitored with thermocouple gauges and an ion gauge (Varian senTorr and transducers). To allow continuous operation with no direct supervision, such as overnight, the entire vacuum system is integrated with a relaycontrolled safety system. This safety system automatically isolates the vacuum chamber (with a normally closed vacuum valve) and shuts down the pumps in the event that either electrical power or cooling water for the diffusion pump is lost, or if the pressure in the chamber suddenly rises above a preset value. Such precautions protect the components inside the system from oil backflow and the diffusion pump from overheating (Moore et al. 1989, p. 105) .
The environmental control chamber and the components of the flow system inside the vacuum chamber are cooled by two low-temperature (minimum temperature ϳ Ϫ90ЊC) circulating baths (Neslab ULT-95). To reduce heat loss, the heat transfer fluid (Dow SYLTHERM XLT) is transferred from the cooling baths to the vacuum chamber via vacuum-insulated flexible tubing (International Cryogenics). The coolant is then pumped around the two flow conditioners and around the environmental control chamber. The temperatures of the flow conditioners and of several points inside the innerchamber are measured with thermocouples, displayed and, if desired, stored in data files by a computerized data acquisition system. System temperatures can be made to change over tens of minutes. More rapid, transient temperature changes, usually less than ϳ5 K, can be produced by suddenly increasing or decreasing the pressure in the environmental control chamber. Finally, the system can be run without interruption for days, if not weeks, if the circulating baths are modified with VOLUME 17 plastic covers flushed with dry nitrogen to minimize condensation of water inside the coolant.
Demonstration experiments
Measurements of the surface properties and homogeneous freezing rates of supercooled liquid water were conducted as a way of validating the scientific usefulness of the experimental system described here. The results provide confidence that the technique of electrodynamic levitation, when properly incorporated into an environmentally controlled system, can be used productively for many studies of atmospheric interest.
a. Droplet evaporation rates and surface properties
The rates of evaporation or growth of a cloud droplet are determined by the net fluxes of mass and energy between the droplet and the surrounding gas. For droplets much larger than the mean free path of the gas the fluxes are described adequately by the continuum theories of heat and mass transfer. Often, however, droplets in the atmosphere are small enough that non-continuum effects can be important. Specifically, surface kinetic properties of liquid water, as described by the condensation coefficient ␣ c and the thermal accommodation coefficient ␣ t , can influence the rates of evaporation or growth. Measurements of droplet evaporation or growth rates, therefore, provide information about the magnitudes of ␣ c and ␣ t . Quantitatively, one must use an approximate theory of droplet growth or evaporation in the transition regime between the continuum and kinetic limits, such as that proposed by Fukuta and Walter (1970) .
Using the system described in section 2, we have observed light scattered from evaporating water droplets to measure the evaporation rate under varying conditions. Because the relevant environmental conditions are known (e.g., temperature, pressure, and saturation ratio), the measured evaporation rate can be used to calculate possible values of ␣ c and ␣ t . An example of such measurements is shown in Fig. 4 , where the measured droplet radius, obtained from light scattering measurements (see section 2d), is plotted as a function of time (diamonds). The data shown here were collected at Ϫ34.9ЊC, 200 hPa, and S ϭ 0.02. When compared to theory (Fukuta and Walter 1970) , the observed evaporation rate corresponds to a condensation coefficient of ␣ c ϭ 0.06 (solid curve). We have assumed that ␣ t ϭ 1, consistent with previous studies of the condensation coefficient (Hagen et al. 1989 ). This experiment illustrates the utility of the low-pressure mode of the laboratory system described in this paper as it allows for evaporation measurements in the mass and energy transfer transition regime. More detailed studies and interpretation are described elsewhere (Shaw and Lamb 1999b) .
b. Homogeneous freezing nucleation
Homogeneous freezing nucleation rates are mean quantities that describe results expected from an ensemble of random, independent droplet freezing events. One cannot predict exactly when a given droplet will freeze, but one can give a probability that it will freeze within some time interval if the environmental conditions are known. The probability P that a droplet will freeze within time t, or equivalently the fraction of a population of droplets that has frozen after time t is
where V is the droplet volume, and J ls is the homogeneous freezing rate (Pruppacher and Klett 1997, 211-212) . Here, it is assumed that temperature (and, therefore, freezing rate) and droplet volume are constant.
To determine J ls , we injected water droplets into the electrodynamic levitation cell and observed them via the light-scattering techniques previously described (section 2d). Upon freezing, the droplet becomes nonspherical and the fringe pattern is disturbed or destroyed (see Fig. 3b ), an event that is readily observable. Thus we have quantitative measures of the size V and freezing time t of each droplet.
Using the data obtained from freezing experiments it is possible to evaluate the nucleation rate in water at a specified temperature, via Eq. (2). During the course of an experiment all environmental variables are held constant, including temperature, pressure, and flow through the levitation cell. If we assume the droplet temperature to be independent of droplet size (the wetbulb temper- ature), and the time for freezing to be short enough so that the volume does not change appreciably, then Eq.
(2) is valid, P being interpreted as the fraction of droplets that freeze in time t. This assumption is justified when the timescale for evaporation is much greater than the timescale for freezing nucleation (Shaw and Lamb 1999a) , as is the case in the results presented here. The freezing data collected in our system are consistent with this description of the freezing of cloud droplets. For example, Fig. 5 shows the fraction of droplets frozen versus time (in 5-s time bins) for droplets of radius between 26 and 31 m at Ϫ35.3ЊC. The measurements are compared to Eq. (2), where J ls is the only free parameter. Of the other variables, time is measured directly and radius is calculated using Mie theory. The value of J ls ϭ 7 ϫ 10 5 cm Ϫ3 s Ϫ1 fits these data reasonably well and, moreover, agrees closely with measurements made using a variety of techniques (e.g., Pruppacher 1995) . The agreement with other completely independent methods provides confidence that electrodynamic levitation can be used as an effective technique for studying nucleation rates. A more careful accounting of droplet evaporation leads to a slightly larger nucleation rate (Shaw and Lamb 1999a) .
Summary
A laboratory system consisting of an electrodynamic levitation cell coupled with an environmental control chamber has been developed for studying single particles under conditions typically found in the upper troposphere. Specifically, the system operates in the following ranges: Ϫ70 Յ T Յ Ϫ20ЊC, 200 Յ p Յ 1000 hPa, 0 Յ w Յ 0.2 m s Ϫ1 , and 0 Յ S i Յ 1. The main components of the system are (i) a cubic electrodynamic levitation cell for suspending individual particles; (ii) a variety of injectors for introducing either liquid or solid particles into the cell; (iii) a vacuum system for isolating the environmental control chamber from the laboratory environment; (iv) a flow system for controlling trace gas concentrations (e.g., water vapor) and vertical velocity; (v) a temperature control system; (vi) a closedloop pressure control system, including a low-pressure droplet injector; (vi) an optical system for viewing the particle and collecting light scattered from the particle; and (vii) a computerized data-acquisition system. The system may be used for a wide variety of studies relevant to atmospheric physics and chemistry, including evaporation and growth rates, homogeneous freezing nucleation, and chemical studies. Here, we have presented measurements of droplet evaporation rates and homogeneous nucleation rates as illustrations of the utility of this system. The system also has been used for studies of the homogeneous nucleation of evaporating droplets (Shaw and Lamb 1999a ) and the condensation and thermal accommodation coefficient of liquid water (Shaw and Lamb 1999b) . Ice crystal growth rates, including the influence of ventilation, will be studied in the future.
